Microvesicles (exosomes) shed from both normal and cancerous cells may serve as means of intercellular communication. These microvesicles carry proteins, lipids and nucleic acids derived from the host cell. Their isolation and analysis from blood samples have the potential to provide information about state and progression of malignancy and should prove of great clinical importance as biomarkers for a variety of disease states. However, current protocols for isolation of microvesicles from blood require high-speed centrifugation and filtration, which are cumbersome and time consuming. In order to take full advantage of the potential of microvesicles as biomarkers for clinical applications, faster and simpler methods of isolation will be needed. In this paper, we present an easy and rapid microfluidic immunoaffinity method to isolate microvesicles from small volumes of both serum from blood samples and conditioned medium from cells in culture. RNA of high quality can be extracted from these microvesicles providing a source of information about the genetic status of tumors to serve as biomarkers for diagnosis and prognosis of cancer.
Introduction
surface. Their molecular composition is influenced by the type and activation state of the cell of origin. In addition to a set of membrane and cytosolic molecules common among donor cell types, exosomes can harbor unique and selected subsets of proteins, mRNA and microRNAs (miRNAs) associated with specific cell type-associated functions and genomic state. Exosomes were first identified through their involvement in the elimination of excess proteins, 4 but several recent findings indicate that exosomes constitute a potential mode of targeted intercellular transfer of molecules. [5] [6] [7] Following interaction with the recipient cell by fusion, adhesion or direct binding, exosomes can confer different functions on the recipient cell. The physiologic functions of exosomes vary with the cell of origin and include modulation of immune status 8, 9 and stimulation of angiogenesis, 10 with many functions as yet to be revealed. Exosomes are increasingly recognized to play a role in inflammation, 11 cancer, 12 thrombosis, 13 cell polarization, 6 development 14 and neurological disorders. 15 Several advantages of the exosomal-acellular mode of communication should aid in the development of diagnostic and therapeutic strategies. Microvesicles contain sorted sets of molecules involved in many different cellular processes, have the capacity to transmit signaling and genetic information, and can be obtained non-invasively from body fluids. For example, some tumor cells are very active at shedding exosomes into the circulating vasculature. 16 These tumor exosomes and their constituent RNAs present unique genetic information about the tumor concerning its presence, cellular type, state of malignancy and susceptibility to therapeutic treatment. Isolation of RNA from serum exosomes can yield up to 60 times greater concentrations of high integrity RNA as compared to that extracted directly from blood, serum or plasma (unpublished). Therefore exosomal RNA analysis provides a marked increase in the diagnostic sensitivity of transcriptome analysis and a powerful tool to identify potential disease biomarkers.
Although several methods have been developed to purify exosomes, none of these can clearly discriminate between exosomes and other shed membranes, lipid structures, or retrovirus particles, also found in bodily fluids, which are similar in terms of size and density. 17 A common procedure to purify exosomes from cell culture supernatants or body fluids involves a series of centrifugations and filtration to remove dead cells, large debris and other cellular contaminants resulting from cell lysis, followed by a final high-speed ultracentrifugation to pellet small membrane vesicles. 18 A typical flow chart is shown in Fig. 1c . This technique, however, is lengthy (4-5 h), requires an ultracentrifuge and yields a relatively low recovery of exosomes, ranging from 5-25% of the starting exosome MHC class II concentration, 19 making it difficult for application in clinical practice. Contaminating material, such as protein aggregates, apoptotic vesicles or nucleosomal fragments that are released by apoptotic cells, can be separated from exosomes by flotation on continuous sucrose gradient. 18 Exosomes 'float' to a density close to 1.13 g ml −1 , but this may vary among different cells of origin depending on the content of the microvesicles. Recently, an alternative method of exosome isolation based on ultrafiltration and centrifugation in sucrose-deuterium oxide (D 2 O) cushions has been developed. 19 This method is capable of preparing clinical-grade purified exosomes; however, it still takes 4-6 h to perform, and has modest exosome recovery rate of 36-65% based on the starting exosome MHC class II concentration. 19 Microvesicles of tumor origin can also be isolated utilizing adherence to magnetic beads coated with antibodies against tumor-associated markers, such as epithelial cell adhesion molecule (EpCAM). 20 However, the purification takes greater than 3 h and an ultracentrifugation step is required to recover exosomes diluted in the elution from magnetic beads. Hence, a rapid and reproducible purification method for exosome samples is essential to exploit them as a new diagnostic and therapeutic tool, as well as to carry out basic research on exosome functions.
Microfluidics and miniaturized lab-on-a-chip-type devices are attractive for medical diagnostics and blood analysis. The small dimensions of microfluidic devices, small sample sizes, and minimal amounts of reagents needed allow for faster reaction times, increased sensitivity, and reduced procedural costs. In this paper, we present the development of a microfluidic device that rapidly and specifically isolates exosomes from human sera or cell culture supernatants without requiring ultracentrifugation or resolution on sucrose gradients. Operation of the device is based on the selective binding of exosomes to antibody-coated surfaces. We demonstrate the purification and extraction of exosomal RNA within an hour from 100-400 μL serum samples, supporting the potential of this method as a rapid, pointof-care tool for the diagnosis of cancer. 
Experimental

Collection of serum and tumor samples
Blood samples from healthy and glioblastoma-confirmed subjects were obtained through the Cancer Center Amsterdam, VU University Medical Center, Amsterdam, Netherlands under IRB approved protocols. Samples of 10 mL of peripheral blood were collected by venipuncture in serum separation tubes (BD Biosciences, Franklin Lakes, NJ) at the time of surgery and processed according to the manufacturer's protocol (<2 h from time of collection until freezing of serum), followed by passage through a 0.8 μm filter. These samples were kept at −80 °C until use. For primary cell culture, brain tumor specimens from patients diagnosed by a neuropathologist as glioblastoma multiforme (GBM) were taken directly from surgery and placed in cold sterile Neurobasal media (Invitrogen, Carlsbad, CA). The specimens were dissociated into single cells within 1 h from the time of surgery using a neural Tissue Dissociation Kit (Miltenyi Biotech, Bergisch Gladbach, Germany) and plated in DMEM supplemented with 5% microvesicle-depleted FBS (dFBS, prepared by ultracentrifugation at 110 000 × g for 16 h to remove bovine microvesicles), and penicillinstreptomycin (10 IU mL −1 and 10 mg mL −1 , respectively, Sigma-Aldrich, St Louis, MO). 10 
Isolation of microvesicles by differential centrifugation from conditioned medium
Primary glioblastoma cells at passages 1-15 were cultured in DMEM supplemented with 5% dFBS. The conditioned medium was removed after 48 h of cell growth. The microvesicles in the conditioned medium were purified by a series of centrifugations at 4 °C First, the medium was centrifuged at 300 × g for 10 min to eliminate any cell contamination, followed by a second centrifugation of 16 500 × g for 20 min, and passage through a 0.22 μm filter. Microvesicles were then pelleted by ultracentrifugation at 110 000 × g for 70 min. The microvesicle pellets were washed in 13 mL of PBS, re-pelleted, and re-suspended in PBS.
Microfluidic channel design and fabrication
The microfluidic device used in this study was a straight flow channel of 19 mm width, 20 μm depth and 4.5 cm length with herringbone groves on its ceiling that were 50 μm wide, 10 μm deep for processing samples of volumes of 400 μL. Another device of dimensions 5 cm (L) × 4 mm (W) × 30 μm (H) was used for processing samples of volumes smaller than 100 μL and SEM imaging. The herringbone or slanted grooves in microchannels have been previously utilized for mixing of fluids/particles, 21 separation and manipulation of particles. 22, 23 We have found these microstructures could be exploited to increase the capture efficiency (unpublished data), presumably due to the increased surface area and enhanced contact of particles with surfaces of the microchannel. The devices were fabricated in PDMS and bonded permanently to plain PDMS slabs after being treated with oxygen plasma, as described. 24 
Surface modification
Freshly fabricated devices were modified using the method described. 25, 26 Briefly, the microchannels were pretreated with 4% (v/v) solution of 3-mercaptopropyl trimethoxysilane in ethanol for 30 min at room temperature, followed by an incubation of 0.01 μmol mL −1 GMBS in ethanol for 15 min at room temperature. Afterwards, the microchannel was incubated with 10 μg mL −1 NeutrAvidin solution in PBS for 1 h at 4 °C. Finally, 10 μg mL −1 biotinylated anti-CD63, control IgG, or anti-CD4 solution in PBS containing 1% (w/ v) BSA and 0.09% (w/v) sodium azide was injected to react with NeutrAvidin at room temperature for 15 min. After each step, the surfaces were rinsed with 8 device volumes of either ethanol or PBS, depending on the solvent used in the previous step, to flush away unreacted molecules.
Microfluidic isolation of microvesicles
An image of the experimental setup is shown in Fig. 1a . The operating procedure for microfluidic isolation of microvesicles is summarized in Fig. 1b . 10-400 μL serum samples were flowed into microchannels at optimized flow rates (16 μL min −1 and 4 μL min −1 for devices of a smaller footprint) based on the dimensions of the microchannels and the estimated diffusivity of microvesicles. 27 Samples used in this study include serum from healthy donors or GBM patients, and microvesicle preparations obtained from differential centrifugations of the glioblastoma cell culture supernatant. After rinsing with PBS containing 1% BSA and 1 mM EDTA (168 μL at a flow rate of 30 μL min −1 and 50 μL at 10 μL min −1 for devices of a smaller footprint), microvesicles adherent to the surface were fixed for scanning electromicrograph (SEM) or lysed for RNA extraction.
Scanning electromicrographs
Microvesicles captured on PDMS microchannels were fixed in 0.5 × Karnovsky's fixative and then washed for 2 × 5 min with PBS. The samples were dehydrated in 35% ethanol for 10 min, 50% ethanol for 2 × 10 min, 70% ethanol for 2 × 10 min, 95% ethanol for 2 × 10 min, 100% ethanol for 4 × 10 min. The samples were then coated with palladium/gold in a GATAN Model 681 High Resolution Ion Beam Coater, and examined using Jeol 5600LV scanning electron microscope (Jeol Ltd., Tokyo, Japan) at the Whitehead Institute (Cambridge, MA).
Image analysis
The size distributions of captured microvesicles in SEM images were analyzed using an image processing program (ImageJ, National Institutes of Health). Briefly, images were converted to binary images by manually setting light intensity thresholds after subtracting the background. Projected area diameters were calculated from the projected area assuming circular geometry. Feret's diameters were determined as the greatest distance possible between any two points along the image boundary of individual microvesicles.
RNA isolation
Total RNA was purified using the mirVana RNA isolation Kit (Ambion, Austin, TX) according to the manufacturer's protocol. In brief, 300 μL of lysis/binding buffer followed by an equal amount of air was passed through the microchannel at a flow rate of 25 μL min −1 to lyse microvesicles captured on the chip. The lysate was collected in a collection tube via 2 inches of Teflon tubing (Small Parts, Inc., Miramar, FL). 30 μL homogenate provided in the isolation kit was added to the lysate. Total RNA was extracted by phenolchloroform separation and precipitated with 100% ethanol and collected in the elution solution. RNA was further purified and concentrated using Qiagen MinElute RNA cleanup kit (Qiagne Inc., Valencia, CA) according to the manufacture's protocol. The quality of RNA was examined on a Eukaryote Total RNA Pico chip with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
RT-PCR and nested PCR
Total RNA purified was then converted into cDNA using Sensiscript RT kit (Qiagen Inc, Valencia, CA) with a mix of oligo dT and random nonamers according to the manufacture's protocol. The mRNA for GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was selected as a control because it is usually stable and constitutively expressed at high levels in most tissues, cells and microvesicles. 10 IDH-1 (isocitrate dehydrogenase 1) mRNA was analyzed as being of particular interest and as 12% GBM patients have a specific point mutation in this gene, which favors a better prognosis. 28, 29 The sequences of primers used in the PCR were: GAPDH primers-forward 5′-CAG CCT CAA GAT CAT CAG CA-3′, reverse 5′-TGT GGT CAT GAG TCC TTC CA-3′; IDH-1 primers-forward 5′-CGG TCT TCA GAG AAG CCA TT-3′, reverse 5′-TAT TGA TCC CCA TAA GCA TGA T-3′. 
Results
Development of microfluidic devices for immunoaffinity-based isolation of microvesicles from cell-free supernatants or sera
One of the most abundant protein families that are found in exosomes comprises the tetraspanins and several members of this family, including CD9, CD63, CD81 and CD82, are highly enriched in exosomes from virtually any cell type. 2 Anti-human CD63 IgG was chosen for isolating microvesicles from all cell origins because of its high expression levels. However, CD63 antigens are also expressed on the surface membrane of platelets, granulocytes and monocytes at low levels. 30, 31 We first examined the serum preparation by flowing serum samples into anti-CD63 IgG-coated microchannels and found there were few, if any, platelets and nucleated cells detected (see ESI †: SI_No_Cellular_Contamination_in_Serum_samples). Next, we confirmed microfluidic capture of microvesicles by injecting 10 μL PKH67-labeled microvesicle preparations obtained from differential centrifugations of the glioblastoma cell culture supernatant into microchannels coated with anti-CD63 antibodies or anti-CD4 antibodies as negative controls (see ESI †: SI_Microfluidic_Capture_of_PKH67-labled_Microvesicles). As shown in Fig. S2 (ESI †), fluorescence intensity inside the microchannel was higher in anti-CD63 IgG-coated † Electronic supplementary information (ESI) available: The supplementary materials show no cellular contamination in the serum sample and capture of fluorescently labeled microvesicles on the chip. microchannels, as compared to anti-CD4-coated channels and increased in the case of anti-CD63 with increasing concentration of microvesicles.
SEM images showed that surfaces of anti-CD63 antibodies coated microchannels were covered by microvesicles separated from 10 μL of microvesicle-containing medium obtained from primary glioblastoma cell cultures (Fig. 2a) or serum from a GBM patient (Fig. 2b-d) . The size distributions of microvesicles captured from these two samples (shown in Fig. 2e and f, respectively) were well within the range reported in the literature. Only 3% of the projected area diameters of microvesicles from serum were greater than 100 nm (Fig.  2c and f) . However, more than 13% of microvesicles from medium had a projected area diameter greater than 100 nm (Fig. 2a and e) .
Extraction of RNA from captured microvesicles
RNAs from microvesicles from serum captured on microchannels as well as from the corresponding serum samples were extracted and analyzed with a Bioanalyzer, showing that the microvesicles contained a broad range of RNA sizes consistent with a variety of mRNAs and miRNAs (Fig. 3) , but lacked the ribosomal peaks characteristic of cellular RNA. There appeared to be fewer microvesicles and less RNA in the normal serum compared to the GBM patient serum as indicated by RNA concentrations measured with a Bioanalyzer (Fig.  3 and Table 1 ). In addition, more RNAs were extracted from lysates from anti-CD63-coated chips than from both GBM patient/normal control sera directly.
RT-PCR analysis showed that the mRNAs for GAPDH (106 bp product) and IDH-1 (100 bp product) were present in the microvesicles captured from both GBM patient and normal control sera on anti-CD63-coated microchannels (Fig. 4, lane 1 and 3 ), but little were present in lysates from control IgG-coated microchannels (Fig. 4, lane 2 and 4) .
Discussion
Microvesicles shed from cells provide a means whereby cells can communicate with cells nearby or at a distance and appear to play important roles in immunology and tumor development. In this study we developed a microfluidic apparatus that is capable of extracting antigen-specific microvesicles from biologically complex samples, such as serum and conditioned medium from cultured cells. Compared to the current standard protocols for isolating microvesicles, this microfluidic approach is faster, cheaper, requires smaller volumes of microvesicle-containing fluid and fewer reagents, can potentially isolate microvesicles of specific cell origin and is compatible with clinical laboratory procedures. In addition, most microvesicles isolated microfluidically maintained their native morphology (Fig. 2b-d) . In contrast, a larger fraction of microvesicles isolated by differential centrifugation of the conditioned medium appeared aggregated (Fig. 2a) . It is also likely that some microvesicles fuse to each other during the ultracentrifugation procedure, thus accounting for a larger diameter. On the other hand, for the microfluidic isolation, only one short, low-speed centrifugation was applied to the serum sample.
Other groups have analyzed RNA isolated directly from serum; however, we believe the microvesicle isolation method has a strong advantage over this direct approach for several reasons: (1) we can specifically pull out microvesicles shed by tumors using tumor-specific cell surface markers, for example, mutant/variant cell surface protein like EGFRvIII 32 and other tumor-enriched proteins; 33 we could, of course, also isolate organ-specific microvesicles when organ-specific surface markers are present; (2) the half-life of free RNA in serum is seconds to minutes, 34 whereas RNA is protected from RNases in microvesicles; 10 thus RNA extracted directly from serum includes a larger fraction of degraded RNA and more RNA from dead normal cells, as compared to living tumor cells; and (3) extraction of microvesicles from serum is scalable. It is more difficult to extract high quality RNA from large volumes of complex liquids like plasma and serum, since there are many components, e.g. lipids, proteins, etc., that are co-isolated with the RNA from serum and can inhibit PCR reactions. [35] [36] [37] [38] With the microvesicle microfluidic procedure, we can easily extract high quality RNA from small volumes of serum to increase the sensitivity of tumor detection and mutational/quantitative evaluation of tumor-derived RNAs. It has been found that a subset of GBM patients have a point mutation in the IDH-1 mRNA. 28 As shown in Fig. 4 , RT-PCR products of IDH-1 mRNA were present in the microvesicles captured from both GBM patient and healthy volunteer sera on anti-CD63-coated microchannels, demonstrating the quality and quantity of RNA were sufficient for mutation-specific PCR or sequence analysis to potentially identify the point mutation of the IDH-1 transcript. The presence of RNA in the effluent was most likely related to the fact that not all the target microvesicles in the sample were captured, and a fraction of them were lost into the effluent. The percentage recovery of microvesicles ranged from 42-94% (n = 4) based on the total RNA amounts extracted on chip and from the effluent. We are currently investigating approaches to improve the capture yield of microvesicle-chip by increasing microvesicle-surface interactions within the chip, such as modifying the dimensions of the microchannel, incorporating structures inside the microchannel, [39] [40] [41] augmenting transverse flow, 21 and increasing the coverage of active antibodies on the surface. 42 In addition, the microfluidic isolation of microvesicles is unique in that it sorts microvesicles directly from serum in a single step. This contrasts with magnetic-bead-based systems 20 that require multiple open-system preparation steps (incubation, washing, centrifugation and ultracentrifugation), which can result in fusion and loss of a significant proportion of microvesicles, and are difficult to validate for clinical manufacturing. Owing to its simplicity, the microvesicle-chip is readily adaptable for potential use in point-of-care and clinical settings. Based on similar immunoaffinity techniques, we have previously developed different microfluidic devices for isolation of CD4 + T cells, 24 lymphocytes, 43 circulating tumor cells (CTCs), 39, 44 and neutrophils 45 directly from whole blood. The information gained from these captured living cells can also be critical to the diagnosis and treatment of disease. We were, for example, able to detect genetic markers for lung cancer from isolated CTCs and utilize this information to identify the best treatment for particular patients and monitor response to therapy. 39 In comparison, microvesicles can be readily purified without any cellular contamination and are continuously shed by tumor cells into the circulation while the accumulation of microvesicles of non-tumor cell origins is rarely observed, 46 which facilitates the genetic and proteomic analysis of tumor-derived microvesicles. Although microvesicles do not mirror the exact transcriptome of the tumor cells of origin, rather a subset composition of these cells, tumor-derived microvesicles can have enhanced expression of tumor antigens and unique genetic information, 10, 47 which present a distinctive opportunity for early diagnosis and monitoring of cancer.
Conclusion
Exosomes shed from both normal and cancerous cells provide a means of intercellular communication allowing for exchange of charged molecules, including RNA and nonsecreted proteins between cells. In this paper, we present an easy and rapid microfluidic immunoaffinity method to isolate exosomes from both serum and cell culture medium. High quality RNA can be extracted in a single wash-through procedure with RT-PCR of mRNA and miRNA providing biomarkers for mutational status and expression profiles for diagnosis and prognosis of tumors. Scanning EM images of microvesicles captured in microchannels. (a) Scanning EM image showing the microvesicles prepared from classical sequential centrifugations of cell culture supernatant bound to the microchannel surface. (b) Scanning EM image showing the microvesicles bound to the microchannel surface after 10 μL of GBM patient serum was passed through the microchannel. Higher magnification images of (b) are shown in (c) and (d). The distributions of both the projected area diameters and the Feret's diameters of microvesicles in images (a) and (c) are shown in (e) and (f), respectively. Projected area diameters were calculated from the projected area assuming circular geometry while Feret's diameters were determined as the greatest distance possible between any two points along the boundary of a region of interest. Microfluidically captured microvesicles contain RNA. Bioanalyzer data showing the intensities and size distributions of fluorescently labeled total RNA extracted from microvesicles captured on anti-CD63 or IgG antibody-coated microchannels injected with 100 μL of GMB patient serum (a) and 400 μL normal control serum (b), respectively. The lowest migrating peak at 25 nt represents an internal standard. The x-axis indicates the length of the RNA in nucleotides (nt) while the y-axis indicates fluorescence intensity in arbitrary units. Note that the two ribosomal RNA peaks (18S and 28S) from cellular RNA profile were absent in both (a) and (b). RT-PCR performed on RNA extracted from microfluidically isolated microvesicles. Agarose gels showing RT-PCR products performed on RNA extracted from microvesicles captured from both GBM patient and normal control sera on anti-CD63 or control IgGcoated microchannels. The RT-PCR product of GAPDH mRNA appears as a band at 106 bp, while the nested RT-PCR product of wild-type IDH-1 mRNA appears as a band at 100 bp. Table 1 Total RNA extracted from 400 μL of serum samples. Summary of total RNA extracted from captured microvesicles from 400 μL GBM and normal control serum samples on microchannels coated with either antihuman CD63 or negative control IgG. RNA concentrations were analyzed with a Bioanalyzer
Serum
Antibody-coated on-chip Average RNA extracted/ng per 400 μL serum Glioblastoma multiforme patient (n = 4) Anti-human CD63 30.88
Negative control IgG 4.04
Normal control (n = 4) Anti-human CD63 4.14 Negative control IgG 1.96
